We performed whole transcriptome analysis of osteosarcoma bone samples. Initially, we sequenced total RNA from 36 fresh-frozen samples (18 tumoral bone samples and 18 nontumoral paired samples) matching in pairs for each osteosarcoma patient. We also performed independent gene expression analysis of formalin-fixed paraffin-embedded samples to verify the RNAseq results. Formalin-fixed paraffin-embedded samples allowed us to analyze the effect of chemotherapy. Data were analyzed with DESeq2, edgeR and Reactome packages of R. We found 5365 genes expressed differentially between the normal bone and osteosarcoma tissues with an FDR below 0.05, of which 3399 genes were upregulated and 1966 were downregulated. Among those genes, BTNL9, MMP14, ABCA10, ACACB, COL11A1, and PKM2 were expressed differentially with the highest significance between tumor and normal bone. Functional annotation with the reactome identified significant changes in the pathways related to the extracellular matrix degradation and collagen biosynthesis. It was suggested that chemotherapy may induce the modification of ECM with important collagen biosynthesis. Taken together, our results indicate that changes in the degradation of extracellular matrix seem to be an important mechanism of osteosarcoma and efficient chemotherapy induces the genes related to bone formation.
Introduction
Osteosarcoma is a primary malignant tumor of the skeleton characterized by the direct formation of immature bone and osteoid tissue by tumor cells. Rarely, osteosarcoma may arise in the soft tissues. 1 Osteosarcoma is the most common form of primary malignant bone tumors, 2 accounting for 20-40% of all bone cancers. 3 The incidence rate of osteosarcoma in young persons (0-24 years) averages 4.2 per million in males and 3.1 per million in females. The incidence rate in persons aged 25-59 is 1.7 and 1.4 in males and females, respectively. The incidence increases again among persons older than 60 years, about 4.6 and 3.3 per million in males and females, respectively. 4 Therefore, there are two peaks in the incidence of disease. The first is around puberty, earlier in women (10-14 years) Impact statement Osteosarcoma is a rare disease but it is of interest to many scientists all over the world because the current standard treatment still has poor results. We sequenced total RNA from 36 fresh-frozen paired samples (18 tumoral bone samples and 18 non-tumoral paired samples) from osteosarcoma patients. We found that differences in the gene expressions between the normal and affected bones reflected the changes in the regulation of the degradation of collagen and extracellular matrix. We believe that these findings contribute to the understanding of OS and suggest ideas for further studies. and a little bit later in men (15-19 years) . The second incidence peak is in the elderly after 60 years. [1] [2] [3] Osteosarcoma is more common in men than in women in most countries. The overall male-to-female ratio of osteosarcoma in the age ranges 0-24 years, 25-59 and over 60 years is 1.43:1; 1.28:1; 1.01: 1, respectively. 4 Clinically, patients with osteosarcoma complain most often about pain and swelling. Systemic symptoms such as weight loss, pallor, fever, anorexia are very uncommon. 1 Over half of all osteosarcomas arise in the long bones of the lower limb (56%), with the upper limb (10%) and pelvis (9%) being the next most affected sites. 3 The exact cause of osteosarcoma is not yet determined but some risk factors have been collected. These include rapid bone growth, radiation, and some genetic predisposition such as Li-Fraumeni syndrome (LFS), hereditary retinoblastoma (RB), Rothmund-Thomson syndrome (RTS) type 2, Werner syndrome (WS), Bloom syndrome (BS), RAPADIL-INO syndrome, and Diamond Blackfan anemia (DBA). 5 Osteosarcoma is a highly metastatic disease, as 80-90% patients are assumed to have micrometastatic disease at the time of diagnosis. 6 This can explain the gain of outcome in treating this disease after introducing chemotherapy in the late 1970s and early 1980s. 7 Several studies have been carried out to understand the molecular aspect and to define new therapeutic targets for osteosarcoma, which is a very heterogeneous disease. 5 Mutations in the p53 pathway are found in about 95% of tumors, with a majority of the TP53 mutations being translocations or focal deletions. Other mutations in RB1, ATRX, and DLG2 genes have been identified. 5, 8 Some microRNAs have been found to be downregulated in osteosarcoma and are associated with poor prognosis of the disease, such as with miR-206, miR-195, miR-340, miR-503, while some others are upregulated, like miR-17. [9] [10] [11] [12] High-throughput technologies have been used in recent OS studies but there are still many limitations, including small sample sizes, variations in control groups, variations in laboratory protocols, and analysis techniques. 13, 14 In a transcriptome analysis of a single case of osteosarcoma in Estonia, 65 genes were found differentially expressed between a tumor sample and normal bone of the same patient. There were 7 upregulated genes in normal tissue and 58 upregulated genes in the sarcoma. 15 In another study of 20 samples (14 osteosarcoma and 6 normal samples), three differentially expressed genes GJA1, COL1A2, and COL5A2 were identified. It was also observed that COL1A2 and COL5A2 interact with a number of genes of the matrix metalloprotease (MMP) family, including MMP1, MMP2, MMP3, and MMP14, TGFb, and RUNX2. 16 The aim of present study was to find alterations in the transcriptome of bone caused by the osteosarcoma. We analyzed 18 tumor-normal pairs of bone tissue samples, all collected during surgery after the chemotherapy. We also analyzed 15 FFPE samples from biopsies, of which 10 were collected before and 5 after chemotherapy.
Materials and methods

Patients
The Ethics Review Committee on Biomedical Research of Hue University of Medicine and Pharmacy approved the protocols and informed consent forms used in the study. All the participants or representatives of patients signed the informed consent.
Samples were collected from 18 patients in Vietnam who had histologically confirmed osteosarcoma and were allocated for surgery (limb sparing or amputation). Tumor and normal bone samples were collected from the removed bone right after the operation. The samples were transported with dry ice and then stored at À80 C until RNA extraction.
FFPE samples were all biopsy samples, 10 of them before and 5 after chemotherapy.
RNA sequencing
Bone samples (40-50 mg) were ground with nitrogen by pestle and mortar into powder and pretreated with trizol. Total RNA was extracted with an RNeasy Fibrous Tissue Mini Kit (Qiagen, Valencia CA, USA) according to the manufacturer's protocol. Isolated RNA was dissolved in RNase free water and stored at À80 C. The quality of total RNA was evaluated with Agilent 2100 Bioanalyzer and the RNA 6000 Nano Kit (Agilent Technologies Inc., CA, USA).
For each FFPE sample, six pieces of 10 mm thick section were used. RNA was extracted with PureLink FFPE total RNA isolation kit from invitrogen (Invitrogen Corporation, Carlsbad, CA, USA). For all samples (fresh and FFPE), osteosarcoma was confirmed in the samples by two independent pathologists.
Total RNA (50 ng) was amplified by applying Ovation RNA-Seq System V2 (NuGen, Emeryville, CA, USA) after which the resulting cDNAs were pooled in equal amount and the pool was used to prepare the DNA fragment library with SOLiD System chemistry (Life Technologies Corp., Carlsbad, CA, USA). Sequencing was performed using the SOLiD 5500W platform and DNA sequencing chemistry (Life Technologies Corp., Carlsbad, CA, USA). Raw reads (75 bp) were color-space mapped to the human genome hg19 reference using the Maxmapper algorithm implemented in the Lifescope software (Life Technologies, Ltd). Mapping to multiple locations was permitted. The quality threshold was set to 10 giving the mapping confidence more than 90. Reads with a score less than 10 were filtered out. Average mapping quality was 30. Analysis of the RNA content and gene-based annotation was done within whole transcriptome workflow implemented in Lifescope.
Statistical analysis
For statistical analysis, DeSeq2 (for fresh samples) and edgeR (for FFPE samples) packages for R was used. 17, 18 DeSeq2 and edgeR are packages which are specifically developed for RNA-seq or other count data. The packages provide methods to test for differential expression by use of the negative binomial distribution and a shrinkage estimator for the distribution's variance. 19 The packages perform sample comparison and also adjust the P-value to overcome multiple testing problems. Both packages use the Benjamini-Hochberg procedure, which controls for false discovery rate (FDR). 20 
Functional annotation of differentially expressed genes
In order to find functional relations between differentially expressed genes, we applied pathway enrichment analysis. We used the R/Bioconductor package ReactomePA for reactome pathway analysis and visualization. 21 Enrichment analysis is a widely used way to identify biological themes in the complex lists of differentially expressed genes. ReactomePA implements hypergeometric model to assess whether the number of selected genes associated with the reactome pathway is larger than expected. The P-values are calculated based on the hypergeometric model. After analysis, results were visualized using an enrichment map and category-gene-network tools. [21] [22] [23] This method was used to analyse the pathways enrichment of differentially expressed genes between the affected bone and normal bone and to detect the pathways related to differential genes expression with chemotherapy.
Results
Clinical description of patients (Table 1) We collected samples after surgical removal of affected bone from 18 Vietnamese osteosarcoma patients. Each surgically removed sample contained paired tumor and normal parts. Fifteen FFPE samples were retrieved from the pathology archives. A pathologist confirmed the diagnosis after histological analysis. Of the 33 patients, 10 (30%) were females and 23 (70%) were males. The mean age was 23.4, which ranged from 7 to 80 years.
General description about the analysed samples
Before sequencing, we evaluated the integrity of RNA. The quality of fresh samples was much higher than FFPE samples. Median RIN was 7.9 (4-9.4), 6.3 (2-8.4) and 2.4 (1-2.8) for fresh cancer samples, fresh control and FFPE, respectively. In some samples, RIN value was not readable but the electropherograms were acceptable to be further analyzed. RIN values were integrated in Table 1 .
Number of reads in fresh samples was 30-35 million reads with 65% mapping in average, while read counts for FFPE samples were much lower, 8-10 million reads with 60% mapping in average. 
Distribution of gene expression among fresh samples (Figure 1)
We used principal-components analysis (PCA) to visualize sample-to-sample distances. As PCA identified that the major component for sample distances was the presence of a tumor, we concluded that our sample collection quality was sufficient for the following analysis.
Differential expression analysis between paired fresh tumor and normal samples
We applied pairwise analysis of the signals from 21,632 genes. We identified 7645 genes differentially expressed with a P-value below 0.05. In order to eliminate the false positives, we used the Benjamini-Hochberg (BH) adjustment which is implemented in DESeq2. These values, called the BH-adjusted P-values (FDR), are given in the column "padj" in Tables 2 and 3 . Hence, if we consider a proportion of 10% false positives to be acceptable, we can consider all genes with an adjusted P-value below 10% ¼ 0.1 as significant. We consequently identified 6775 genes expressed differentially between the normal and osteosarcoma tissues with an FDR adjusted P-value below 0.1. With adjusted P-value below 0.05, we found 5365 genes differentially expressed between the two groups, of which 3399 genes were upregulated and 1966 were downregulated. Based on the fold change (log2fold) differences between tumor and control samples, we generated the list of genes that were the most downregulated and the most upregulated in tumor tissues. It means that these genes got the lowest log2fold and largest log2fold, respectively, with significant P value. The most downregulated genes in osteosarcoma are the following: BTNL9, DNASE1L3, CAMP, LEPR, MIR223, MS4A3, LTF, LCN2, MMP8, S100A12, S100A8, MPO, EPB42, HEMGN, AHSP, ABCA10, BPI, CEACAM6, DEFA ( Table 2 ). The most upregulated genes in osteosarcoma were COL11A1, TGFBI, TREM2, COL2A1, COL10A1, HAPLN1, MMP14, PANX3, CTHRC1, STEAP1, COL3A1 (Table 3) . From ranking by FDR value, we got the list of genes with the lowest FDR which were considered as the most significantly differential expression between osteosarcoma and control samples. The most significant (by FDR value) differentially expressed genes were BTNL9, MMP14, ABCA10, ACACB, COL11A1, and PKM2 (PKM) showed in the supplementary Table 1 . In order to visualize the differential expression between tumor and non-tumor samples, we plotted the individual values of some significantly changed genes. Figure 2 illustrates the three downregulated genes and the three upregulated genes in osteosarcoma tissue. It is evident that all these genes have very consistent patterns of expression. Moreover, we also used pairwise plotting of the gene expression values from the same patients. In supplementary Figure 1 , BTNL9, LEPR, MMP14, and COL11A1 expression is compared in tumor-normal pairs, in which the data from same individuals are connected with the lines. This figure indicates that the expressional changes between individual data points are very consistent and our findings are reliable.
Reactome analysis of fresh samples
In addition to the list of differentially expressed genes, we aimed to characterize the disease-specific transcriptome Figure 1 . Visualization of sample-to-sample distances in a principal-components analysis (PCA). All 21,632 transcripts were used in the PCA analysis. The variations of gene expression among samples from 18 Vietnamese osteosarcoma patients (in paired samples, tumor vs normal) showed pretty clear difference between tumor samples and normal control samples. In this figure, the triangle dots were for males and round ones were for females; the red ones illustrated for normal adjacent bone, while blue ones were for tumor samples.
Ho et al. Whole-transcriptome analysis of osteosarcoma 1805 signature in paired samples. We used the Reactome database which is a manually curated resource describing chemical reactions, biological processes, and pathways. [21] [22] [23] Reactome analysis indicated significant enrichment of the pathways related to the collagen degradation, extracellular matrix organization and to the erythrocyte activation (Supplementary table 1). Supplementary Figure 2 indicates the eight most significantly activated pathways, enrichment P-values, and the number of genes involved in each particular pathway. All these eight pathways are related to degradation of the extracellular matrix or to the hematopoiesis. Supplementary Figure 3 describes the genes and their expression levels from the pathways illustrated in the Supplementary Figure 2 .
Gene expression changes induced by chemotherapy
Next we decided to analyse the transcriptional changes after chemotherapy in FFPE samples using edgeR package. In our analysis set, we had 5 samples taken after and 10 samples taken before chemotherapy. By using padj < 0.1, 22 genes were found to be differentially expressed with chemotherapy. They all have log2foldchange more than 1 which means that they are all upregulated with chemotherapy. These genes are listed in Table 4 including POSTN, AMBN, SLC35F3, TAC3, TYROBP, STX7, HEATR1, OGN, USP6, SPRR1B, ASPN, SULF1, DNAJC14, NOB1, FAP, SP3, C8ORF59, CCNB2, KRTDAP, MRPS24, C2ORF89, and RPS6. To understand the pathways related to these genes, a gene-set enrichment analysis of these 22 genes was done which detected the following pathways with padj <0.1: Collagen biosynthesis and modifying enzymes, collagen formation, Influenza viral RNA transcription and replication, eukaryotic translation elongation, integrin cell surface interactions, SRP-dependent cotranslational protein targeting to membrane, collagen degradation (Table 5) . Interestingly, a majority of the genes upregulated with chemotherapy Figure 2 . We chose four genes (BTNL9, ABCA10, MMP14, and Col11A1) which had the lowest padj and we chose LEPR and TGFBI on the top lists of downregulated and upregulated genes for illustration in Figure 2 . The expression of six genes (three upregulated and three downregulated) with the largest differences between tumor and control samples indicates very good consistency between different samples. We can easily see the BTNL9, LEPR, ABCA10 were downregulated (log2foldchange < À1 with padj much less than 0.001) and MMP14, COL11A1, TGFBI (log2foldchange > 1 with padj much less than 0.001) were upregulated in tumor samples. The blue dots were illustrated for tumor samples and the red ones were for normal samples. (A color version of this figure is available in the online journal.) 
Discussion
To our knowledge, the present study is the first to use whole transcriptome analysis (RNAseq) of osteosarcoma to reveal the differentially expressed genes by pairwise comparison of tumor and normal bone of each patient.
Our study found 6775 and 5365 differentially expressed genes with an adjusted P-value below 0.1 and 0.05, respectively. This is a much higher number than in previous papers. In a meta-analysis composed of in vivo and in vitro studies by Yang et al., 13 979 genes were found to be differentially expressed. Our previous study using RNAseq for analyzing a single case of osteosarcoma in Estonia identified only 65 differentially expressed genes. 15 One genechip study with 10 osteosarcoma and 2 normal tissue samples found 1608 genes as differentially expressed genes (DEGs) between samples. 24 The large differences in the number of DEGs may come from the differences in how the control group was formed. In this last study, the authors used two normal samples from healthy persons as controls to compare with osteosarcoma samples. In contrast, we used paired tumor-normal samples that allow a direct comparison of the diseased and normal tissue from the same patient. This design reduces substantially the biological variability and increases statistical power. The most significant differentially expressed genes were BTNL9, MMP14, ABCA10, ACACB, COL11A1, and PKM2. BTNL9 was not mentioned in previous osteosarcoma studies. In our study, BTNL9 was the most significantly differentially expressed. This gene is butyrophilin-like 9, also known as BTN3 or BTN8 or VDLS1900 and it is located in 5q35.3. It is one of the 13 members of human butyrophilin family which plays a role in immune homeostasis though the function of BTNL9 was not known. 25 MMP14 belongs to the MMP family, which is a hallmark of invasive cancers, and was found to interact with COL1A2 and COL5A2 in osteosarcoma. 16 It was found to be upregulated in breast cancer, mesothelioma and lung cancer [26] [27] [28] and to be correlated to poor prognosis. 28 Interestingly, inhibiting the MMP14-through targeting hemopexin domain of MMP14 showed promising approach in treating lung cancer. 27 The ABCA10 is ATP binding cassette subfamily A member 10 and it is located in 17q24. ABCA10 was found to be downregulated in colorectal cancer and ovarian cancer. 29, 30 The relationship of ABCA10 with osteosarcoma has not been previously mentioned in the literature but we found it downregulated as in some others epithelial cancers mentioned above. It was shown significantly associated with PFS (progression-free survival) of ovarian cancer 30 and it should be further evaluated for a prognostic marker in osteosarcoma. Similarly, in the present study, ACACB is here noted for the first time in relation to osteosarcoma. The COL11A1 gene codes for the a1 chain of procollagen and mature collagen of type XI, which is an extracellular minor fibrillar collagen. 31 In our present study, COL11A1 was upregulated. It has not been discovered in recent studies of osteosarcoma, although COL1A2 and COL5A2 were found to be upregulated in osteosarcoma samples. 16 COL11A1/(pro)collagen 11A1 is highly expressed by activated stromal cells of the desmoplastic reaction of human invasive carcinomas of the oral cavity, pharynx, head and neck, breast, lung, esophagus, stomach, pancreas, colon, and ovary. 31 The expression of COL11A1/(pro)collagen 11A1 is correlated with carcinoma aggressiveness and progression, metastasis, and drug resistance. The suggested pathway model regulation of COL11A1 via TGF-b to regulates MMP3, MMP9, and finally it promotes cell proliferation, invasion, metastasis, and drug resistance may be promising in finding targeted therapies in the future for several cancers including osteosarcoma. 31, 32 PKM pyruvate kinase muscle known as PKM2 was found to be overexpressed in clear-cell renal carcinoma (ccRCC) and when it was knocked down in ccRCC cells, the rapid proliferation, high glucose consumption, and high lactate production were all clearly inhibited. 33 This finding matched with ours and it is interesting for further evaluation on osteosarcoma.
The Reactome analysis showed significant enrichment of specific pathways in case of osteosarcoma. The enrichment was focused on two main groups. One group is the hemoglobin interacting network which was also reported in a recent osteosarcoma study. 24 In the present paper, we identified a hematopoiesis interacting network that is composed of HBA1, HBA2, HBB, CA1, and RHAG genes. These genes are responsible for the O 2 /CO 2 exchange in erythrocytes. The second group of genes functions for collagen synthesis and degradation and this group is composed of related genes like COL11A1, COL10A1, COL2A1, MMP14, COL3A1, COL6A1, MMP11, CTSB, ACAN, COL6A3, CTSG, MMP8, ELANE. Therefore, although the list of Note: We used hypergeometric model to assess whether the number of selected genes associated with the reactome pathway is larger than expected. We listed here the most significant pathways with P-adjusted <0.1 (after correction for multiple testing). The enrichment score reflects the degree to which a gene set is overrepresented at the extremes (top or bottom) of the entire ranked list. genes is long, several genes indicate the enrichment of the cancer progression and extracellular matrix remodeling. COL was suggested a possible feature genes of OS. 34 In a study on six samples (cell lines), they shared some common pathways with us including extracellular matrix organization, integrin cell surface interactions. 35 Our findings herein on osteosarcoma -a very malignant, highly metastasizing tumor matched quite well with new findings on the role of extracellular matrix remodeling in sarcoma progression and metastasis. Remodeling of ECM by collagen degradation and re-deposition in interactions with matrix metalloproteinases (MMPs) promotes tumor infiltration, angiogenesis, invasion, and migration. Recent understanding about its mechanism leads to several clinical trials especially MMPs-inhibitor drugs and suggested for more targeted therapies in the future. MMPs were suggested to be further studied as a marker of invasiveness and risk of metastasis. [36] [37] [38] In a previous meta-analysis, 979 genes were found to show altered expression in samples of OS compared with normal control. 13 Among those genes, there were 472 upregulated genes and 507 downregulated genes. The most significantly upregulated genes were CPE, HEY1, PPT1, PTBP2, COLEC12, CPVL, FXYD6, RIN2, RPF1, EFNA1 and the most significantly downregulated genes were NPR3, LMOD1, GAS6, RDH5, AOX1, LIMS2, LTBP2, RGS4, PPAP2B, CLCF1. 13 In this study, several different sources of data were combined (in vivo and in vitro), so the list of genes and gene networks is quite diverse. In our previous study with a single case of osteosarcoma in Estonia, we found 65 genes to be differentially expressed between the tumor sample and normal bone. There were 7 downregulated genes and 58 upregulated genes in the sarcoma. ADIPOQ was the most highly upregulated gene. 15 Interestingly, in the present study, we found leptin receptor (LEPR) to be significantly downregulated in osteosarcoma. Leptin and adiponectin are functionally related hormones and in this respect our previous and present findings are coherent. In another study of 20 samples (14 osteosarcoma and 6 normal samples), three differentially expressed genes GJA1, COL1A2, and COL5A2 were identified. 16 The authors observed that COL1A2 and COL5A2 interact with a number of genes of the matrix metalloprotease (MMP) family, including MMP1, MMP2, MMP3 and MMP14, TGFb and RUNX2. 16 Therefore, we can consider that results from present study fit very well with previously published results.
Additionally, FFPE samples were analysed to see if there is any changes due to chemotherapy. We compared gene expression before and after chemotherapy. Twenty-two genes were found to be upregulated significantly with chemotherapy (padj < 0.1 and log2foldchange >1). Of 22 upregulated genes with chemotherapy, POSTN and AMBN had the lowest P value. POSTN (periostin) is also known as PN; OSF2; OSF-2 or PDLPOSTN. It encodes a secreted extracellular matrix protein that functions in tissue development and regeneration. 39 AMBN (ameloblastin) encodes the nonamelogenin enamel matrix protein ameloblastin. The encoded protein may be important in enamel matrix formation and mineralization. This gene is located in the calcium-binding phosphoprotein gene cluster on chromosome 4. 39 The functional importance of the AMBN extracellular matrix protein in bone fracture prevention and rapid fracture healing was identified 40 and interestingly, AMBN induced a tumor suppressive phenotype and chemosensitivity to doxorubicin (a main component of combination chemotherapy in OS) in osteosarcoma. 41 By using gene-set enrichment analysis of these 22 genes, some significant pathways were identified with padj < 0.1 ( Table 5 ). It is interesting that collagen biosynthesis and modifying enzymes, collagen formation, collagen degradation were among the most significant pathways. We can see that these pathways lead to the degradation and remodeling of the extracellular matrix (ECM). This finding suggests that chemotherapy may induce the remodeling of ECM. We emphasize that degradation and remodeling of ECM was found to be an important pathway in osteosarcoma samples compared with normal bone samples as we analyzed above. The activation of collagen biosynthesis-related pathways after chemotherapy supports the fact that degradation and remodeling of ECM may be an important mechanism of the disease . But we could not find a similar study to compare the role of chemotherapy in gene expression in OS.
In conclusion, we found 5365 genes to be differentially expressed between the normal and osteosarcoma tissues with FDR adjusted P-value below 0.05. Among them, BTNL9, MMP14, ABCA10, ACACB, COL11A1, and PKM2 were the most significantly differentially expressed genes. The degradation of collagen seems to be an important mechanism of osteosarcoma and should be further studied to serve as a biomarker of osteosarcoma. Robust activation of several COL family genes supports their involvement in malignancy and their potential role in tumorigenesis.
